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Basic organization of the olfactory system in vertebrates
Odors are detected by olfactory sensory neurons (OSNs) in the nose, each of which expresses one odorant receptor (OR) from a repertoire of hundreds or, in some species, >1000 different genes (one neuron-one receptor rule). OSNs expressing the same OR converge their axons onto a specific target glomerulus in the first processing center in the brain, the olfactory bulb (OB), establishing a discrete and precise map of OR expression (one glomerulus-one receptor rule) (Axel, 1995; Buck, 2000) . Because individual odorants activate multiple ORs with different efficacy, information about an odor is encoded in the input layer of the OB by a specific pattern of activation across the glomerular array (Friedrich and Korsching, 1997) .
Odor-evoked activity patterns are processed by a network of neurons in the OB and conveyed by the principal neurons, the mitral cells, to multiple higher brain areas including the piriform cortex, anterior olfactory nucleus, olfactory tubercle, cortical amygdala and entorhinal cortex. In rodents, projections to some of these areas exhibit a coarse topographic organization but the projection to piriform cortex, the largest target of the OB, is widespread and diffuse (Ghosh et al., 2011; Miyamichi et al., 2011; Sosulski et al., 2011) . The map of OR expression in the OB is thus not preserved by the secondary olfactory projection to piriform cortex. Rather, neurons in piriform cortex integrate inputs from topographically and 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.09.001 functionally different mitral cells and respond to odors with widespread, yet stimulus-specific, activity patterns (Stettler and Axel, 2009; Yaksi et al., 2009) .
The development of this system encompasses multiple steps including the specification of OSNs, the selection of an individual OR for expression, the pathfinding towards the target glomerulus, the assembly of neuronal circuits in the OB, and the establishment of higher-order projections. Remarkably, the olfactory system is functional already long before its development is complete, raising the question how the function of neuronal circuits is initially established and subsequently refined. A favorable animal model to study this complex of questions is the zebrafish because it allows for the combination of molecular, genetic, and developmental approaches with neurophysiological measurements in transparent larvae . This article reviews insights into the molecular, anatomical and functional development of the olfactory system in zebrafish.
2.
Formation and development of the olfactory placode 2.1.
Specification of the pre-placodal region
In all vertebrates, the cranial sensory organs including the olfactory epithelium develop from the placodes, transient structures of thickened ectoderm in the developing head (Baker and Bronner-Fraser, 2001 ). It has been suggested that all placodal precursors arise from a common territory surrounding the anterior neural plate, the pre-placodal region ( Fig. 1A) (Schlosser, 2006; Streit, 2004) . In the developing zebafish, several transcription factors such as dlx3b (formerly dlx3) (Akimenko et al., 1994) , dlx4b (formerly dlx7) (Ellies et al., 1997) , eya1 (Sahly et al., 1999) , six1b (formerly six1) (Bessarab et al., 2004) , and six4b (formerly six4.1) (Kobayashi et al., 2000) are expressed in a horseshoe-like continuous stripe around the edge of anterior neural plate, which coincides with the proposed pre-placodal region. Signaling molecules that induce the pre-placodal region emanate from the underlying mesoderm and the adjacent neural plate. FGF signaling together with antagonism of both BMP and Wnt signaling are proposed to specify the pre-placodal region as a narrow band at the neural plate border (Schlosser, 2006; Streit, 2004) .
The initially broad expression of these genes in the preplacodal region becomes restricted to some, but not all, of the placodes. dlx3b and dlx4b, for example, gradually show restricted patterns of expression in the otic and olfactory placodes as they become morphologically evident (Ellies et al., 1997) . Antisense morpholino oligonucleotide-mediated knockdown of both dlx3b and dlx4b functions causes severely reduced expression of early marker genes for the otic and olfactory placodes (Solomon and Fritz, 2002) , suggesting that these two genes could concertedly induce and/or maintain the competence to differentiate into the otic and olfactory placodal cells. A recent study has reported that dlx3b and dlx4b assist in specifying the pre-placodal region through attenuating BMP activity (Esterberg and Fritz, 2009) . Together these observations suggest that the transcription factors broadly expressed in the pre-placodal region could first play an important role in specifying the pre-placodal region itself and then could contribute to the induction of particular subsets of placodes from the common territory. To date it is still uncertain what combinations of transcription factors are required for inducing individual placodes including the olfactory placode and what downstream target genes they control.
Olfactory placode assembly
A refined fate-mapping study in zebrafish has revealed that the olfactory placode arises from a large cellular field Fig. 1 -Schematic summary of olfactory placode development. (A) The cranial sensory organs develop from a common territory at the border of neural plate, the pre-placodal region (area with a green border), which is specified by the expression of several transcription factors (green box). The olfactory placode arises from a large cellular field (olfactory placodal field; area with a red dashed border) within the pre-placodal region. (B) The neural plate-derived Cxcl12a provides the Cxcr4b-expressing olfactory placodal precursors (area with a red dashed border) with a retention signal (blue arrows) to withstand the anterior-directed movement of neighboring cells such as cranial neural crest cells. (C) Differentiation of OSNs within the olfactory placode (area with a red border) is regulated by forkhead family and bHLH family transcription factors (red box).
stretching along the lateral edge of the anterior neural plate (Fig. 1A) , which resides within the dlx3b-expressing preplacodal region (Whitlock, 2004 (Whitlock, , 2008 Whitlock and Westerfield, 2000) . Localized cell division is one of the mechanisms that could potentially contribute to the formation of placodal structures. However, there is little, if any, cell division in the field that gives rise to the olfactory placode (Whitlock and Westerfield, 2000) , suggesting that the olfactory placode is formed through cellular migration and convergence, rather than local proliferation, of precursors at the lateral edge of the neural plate.
This model has been supported by a study analyzing mutant zebrafish, odysseus, that lacks functional Cxcr4b, a receptor for Cxcl12a chemokine . Preceding the appearance of the olfactory placode, cxcr4b is expressed by cells arranged along the presumptive olfactory placodal field, whereas cxcl12a is expressed in the abutting neural plate. Interfering with the chemokine signaling by Cxcr4b loss-of-function or reducing Cxcl12a expression perturbs the olfactory placode assembly, resulting in the appearance of anteriorly displaced olfactory placodal cells. Significant anterior cell movement occurs during the early segmental stage in the developing head (Karlstrom and Kane, 1996) . The migratory cell components include the cranial neural crest cells, which initially position posteriorly adjacent to the olfactory placodal field and later migrate anteriorly (Wada et al., 2005; Whitlock and Westerfield, 2000) . The abnormally anterior dispersion of the olfactory placodal cells in the absence of Cxcr4b-mediated signaling indicates that neural plate-derived Cxcl12a could provide the olfactory placodal cells with a retention signal to withstand the anterior movement of neighboring cells such as cranial neural crest cells (Fig. 1B) . Direct observations of cell movements in vivo await future understanding of interactions among the olfactory placodal precursors, neural plate cells, and cranial neural crest cells.
2.3.
Neuronal differentiation in the olfactory placode
OSNs develop within the olfactory placode after the cellular convergence. A forkhead family transcription factor foxg1 is expressed in the olfactory placode at very early stages. Knockdown of Foxg1 in zebrafish has no obvious effect on the specification and assembly of olfactory placodal cells as judged by the expression of cxcr4b, but shows a reduced number of mitotic cells and differentiated OSNs in the olfactory placode (Duggan et al., 2008) . These phenotypes of Foxg1 knockdown zebrafish closely resemble those of Foxg1-null mutant mice, suggesting an evolutionally conserved role of Foxg1 in the differentiation of OSNs (Fig. 1C) (Duggan et al., 2008) .
Potential downstream target genes of Foxg1 are so-called proneural genes that belong to basic helix-loop-helix (bHLH) transcription factor family. Roles of two bHLH family genes, neurogenin1 and neurod4, during development of the olfactory neurons have been described in zebrafish (Fig. 1C) (Madelaine et al., 2011) . The expression of neurod4 in the olfactory placode at early stages is absent in the neurogenin1 mutant but recovers at later stages, resulting in a significantly reduced number of the early-born olfactory neurons, including unipolar neurons (see Section ''Axon Pathfinding of Olfactory Sensory Neurons''), and delayed development of the later-born OSNs.
Reducing the expression of Neurod4 in the neurogenin1 mutant background eliminates virtually all early-born olfactory neurons and OSNs in the developing olfactory placode, despite the fact that knockdown of Neurod4 alone causes only a slight reduction in number of the early-born olfactory neurons and has no effect on the development of later-born OSNs. These findings suggest that the redundant function of Neurogenin1 and Neurod4 is required for neuronal differentiation in the olfactory placode. Furthermore, re-introduction of neurod4 expression at early stages partially rescues the deficit of early-born olfactory neurons in neurogenin1 mutant, suggesting the importance of time window during which proneural genes exert functions on the precursors of earlyborn olfactory neurons to drive their proper differentiation.
3.
Olfactory receptor gene choice
Olfactory receptors in zebrafish
The choice of an olfactory receptor gene is a crucial event at the final step of OSN differentiation and defines its molecular receptive range (Mori and Yoshihara, 1995) . In mice, individual OSNs select and express only one OR gene from a repertoire of 1200 possibilities (one neuron-one receptor rule). This is the case, in principle, also for the pheromonesensing vomeronasal system in mice where individual vomeronasal sensory neurons express only one type of vomeronasal receptor (V1Rs and V2Rs) out of 190 V1R and 120 V2R genes (Shi and Zhang, 2009 ). In addition to ORs, V1Rs, and V2Rs, two other families of olfactory receptors have been recently identified in mice: 15 trace amine-associated receptors (TAARs) and 5 formyl peptide receptors (FPRs) (Liberles and Buck, 2006; Riviere et al., 2009) .
The zebrafish genome contains approximately 300 genes encoding potential olfactory receptors, comprising four families of G-protein-coupled receptors: 140 ORs, 6 V1Rs, 50 V2Rs, and 109 TAARs (Shi and Zhang, 2009 ). These olfactory receptor subfamilies are expressed in three morphologically distinct types of OSNs: ORs in the ciliated OSNs, V1Rs and V2Rs in the microvillous OSNs, and one V1R member V1R4 in the crypt cells (Oka et al., 2012; Yoshihara, 2009 ; N. Miyasaka, Y. Yoshihara, unpublished observations). A detailed in situ hybridization analysis of OR expression supports the ''one neuron-one receptor'' in zebrafish. Each OR gene is expressed in a small population of OSNs that are sparsely distributed in the olfactory epithelium. Individual receptorspecific probes anneal with only 0.5-2.5% OSNs (Barth et al., 1996 (Barth et al., , 1997 Sato et al., 2007; Weth et al., 1996) . Moreover, double fluorescence in situ hybridization with two different OR probes shows non-overlapping expression for most of the OR gene pairs. A striking exception is observed only for two (or three) homologous ORs (OR103-1 and OR103-2/OR103-5) that are co-expressed in a small population of ciliated OSNs (Sato et al., 2007) .
Hierarchical regulation of OR gene expression
In mice, several reports postulated molecular and genetic mechanisms by which a single OR gene is chosen for expression. These include cis-acting distal enhancers (H and P elements) as locus control regions (LCRs) for activation of particular OR gene clusters, the negative feedback regulation of other OR transcription from an expressed functional OR protein, and the chromatin-mediated silencing followed by epigenetic switching for OR expression (Fuss and Ray, 2009; Magklara et al., 2011; Mori and Sakano, 2011) . In zebrafish, a transgenic approach using bacterial artificial chromosome (BAC) has uncovered a part of the mechanisms for OR gene expression (Sato et al., 2007) .
A stable line of BAC transgenic zebrafish was generated, which carries a transgene encompassing a 95-kb genomic fragment with 16 OR genes on the chromosome 15. To visualize OSNs that select particular OR genes for expression, the BAC transgene was modified by replacing two receptor genes, OR103-1 and OR111-7, with CFP and YFP, respectively. In the transgenic fish, CFP and YFP were expressed in a small population of OSNs together with particular OR genes that were not randomly distributed on multiple chromosomal loci but were mostly restricted within the members of OR103 and OR111 subfamilies. Based on this finding, a model of the hierarchical regulation of OR gene choice in zebrafish has been proposed: (1) the choice of an OR subfamily cluster, (2) the choice of an OR gene among the members of the subfamily, (3) the feedback silencing of other ORs from the functionally expressed OR. This hierarchical model is supported by a report on the identification of LCRs cis-acting locally on zebrafish OR gene clusters (Nishizumi et al., 2007) .
4.
Axon pathfinding of olfactory sensory neurons 4.1.
Pioneer axons
The external fertilization, rapid development, optical transparency and genetic accessibility make zebrafish an excellent model system to study the dynamics and mechanisms of axon pathfinding of OSNs to target glomeruli (Dynes and Ngai, 1998; Miyasaka et al., 2005; Sato et al., 2005) . One of the most important findings on axon pathfinding in the zebrafish olfactory system is that ''pioneer axons'' of early-born specialized neurons serve as a scaffold for follower OSN axons to navigate toward the OB. The zebrafish olfactory placode contains a transient population of neurons that arises from a distinct lineage of precursors and displays dendriteless unipolar morphology ( Fig. 2A) Westerfield, 1998, 2000) . These unipolar neurons extend pioneer axons from the olfactory placode to the presumptive OB at the very initial stage of olfactory circuitry formation. Laser ablation of the unipolar neurons results in misrouting of OSN axons, typically extending posteriorly toward the anterior or postoptic commissures. Variability of the defects in OSN axon projection correlates well with the extent of unipolar neuron ablation, suggesting that the unipolar neurons provide laterdeveloping OSNs with essential cues for proper axon pathfinding.
4.2.
Cxcl12/Cxcr4-mediated olfactory axon exit from the placode Three intercellular signaling systems, Cxcl12/Cxcr4, Slit/ Robo and Netrin/DCC, guide the olfactory axons toward the OB in a hierarchical manner. Cxcl12a/Cxcr4b chemokine signaling plays a role not only in the olfactory placode assembly but also in guiding the pioneer axons ( Fig. 2A) . When pioneer axons are extending toward the presumptive OB, cxcr4b expression is still evident in the olfactory placode, and cxcl12a-expressing cells are found at the basal margin of the placode where olfactory axons cross to exit. cxcr4b mutant zebrafish show defects in OSN axon projection in an all-or-none manner: OSN axons from some placodes show normal projection indistinguishable from that of wild type; OSN axons from other placodes fail to grow out and stall near the exiting point, completely lacking the OB innervation. This all-or-none phenotype of OSN axon projection in cxcr4b mutant is associated with variability in defects of the pioneer axon projection from the unipolar neurons. Thus, there might be a threshold in the number of OB-reaching pioneer axons that is required for establishment of a sound projection of OSN axons.
4.3.
Slit/Robo-mediated processes for olfactory axon pathfinding Robo family members are axon guidance receptors for secreted chemorepulsive cues, Slits. robo2 is transiently expressed in the early-born olfactory neurons including the unipolar neurons (Madelaine et al., 2011; Miyasaka et al., 2005) . In robo2 mutant zebrafish named astray, the pioneer axons often misroute ventrally and/or posteriorly immediately after exiting the olfactory placode (Fig. 2B) . Some laterprojecting OSN axons also misroute posteriorly toward the diencephalon without reaching the OB, reminiscent of the phenotype of unipolar neuron ablation . neurogenin1 mutant fish with a reduced number of the early-born olfactory neurons show the loss of robo2 expression in residual early-born olfactory neurons and the resultant defects in OSN axon projection are similar to those seen in the robo2 mutant (Madelaine et al., 2011) . Taken together, these studies strongly support the notion that pioneer axons provide a scaffold essential for subsequently projecting OSN axons.
In mice, OSNs expressing a given OR converge their axons onto a few topographically fixed glomeruli in the OB (Mori and Sakano, 2011) . In the BAC-OR transgenic zebrafish (see Section ''Olfactory Receptor Gene Choice''), OSNs that express limited OR genes mostly belonging to OR103 and OR111 subfamilies project their axons to a small cluster of glomeruli located in the medioanterior portion of the OB. This finding suggests that the one glomerulus-one receptor rule could be conserved also in zebrafish (Sato et al., 2007) . Monitoring the behavior of OSN axons at single-cell resolution revealed that individual OSNs elaborate single unbranched axons and the growth cones migrate straightforwardly to their glomerular targets without making changes in direction and pausing at intermediate glomeruli (Dynes and Ngai, 1998) . This observation suggests the existence of specific guidance cues along the pathway or within the OB, which instruct OSN axons to target their glomerular partners.
Formation of an axon fascicle before entering the OB could be one of the crucial steps in proper pathfinding of olfactory axons. In zebrafish, OSN axons form a single tight fascicle and enter the OB through an invariable point, which could situate the axons in an appropriate environment of guidance cues for subsequent sorting and termination within the OB. Slit/Robo signaling contributes also to this process (Fig. 2B) . Compromising Robo2-mediated signaling causes defasciculation of the olfactory nerve; some small axon bundles deviate from the main trunk and enter the OB from improper sites. These aberrant axons could be challenged with a new environment and fail to correctly interpret guidance cues, resulting in inappropriate glomerular targeting. Indeed, the spatial arrangement of glomeruli is abnormal in robo2 mutant larvae and adults.
Another molecule contributing to this fasciculation process is Anosmin-1a, an extracellular matrix protein (Fig. 2B ) (Yanicostas et al., 2009) . Anosmin-1a is encoded by kal1a gene, a zebrafish ortholog of human KAL-1 gene responsible for the X chromosome-linked form of Kallmann syndrome. Anosmin-1a immunoreactivity is seen along OSN axons extending toward the presumptive OB. Reducing Anosmin-1a levels results in defasciculation of OSN axons before reaching the presumptive OB. A disorganized glomerular arrangement is also seen in Anosmin-1a knockdown larvae, reminiscent of the phenotype of robo2 mutant larvae. A detailed molecular mechanism for the Anosmin-1a-meditated fasciculation of olfactory axons awaits the identification and functional characterization of its receptor.
4.4.
Netrin/DCC-mediated attraction of olfactory axons to the OB and target glomeruli A recent paper has reported the role of a canonical axon guidance receptor DCC and its ligands Netrins in projection of olfactory axons to target glomeruli in zebrafish (Lakhina et al., 2012) . A small subpopulation of OSNs is labeled with a fluorescent protein by using a cis-regulatory sequence of an OR gene (OR111-7) in a transgenic zebrafish line. These OR111-7 transgene-expressing OSNs express DCC and project their axons mainly to medioanterior glomeruli in the ventral OB. Two genes encoding attractive ligands for DCC, netrin1a and netrin1b, are expressed near the medial-most margin and in the ventral region of the OB, respectively. Loss of Netrin/DCC signaling results in the axon misrouting of the OR111-7 transgene-expressing OSNs: some axons wander posteriorly away from the OB, while the others entering the OB mistarget into dorsal glomeruli, overshooting their appropriate target glomeruli. These findings implicate Netrins as attractants for a particular subset of OSN axons, which draw the DCC-expressing axons initially into the OB and then into the medioanterior glomeruli in the ventral OB ( Fig. 2B and C) .
4.5.
Other possible axon guidance mechanisms
In mice, the initial pathfinding towards the correct subregion of the OB involves gradients of axon guidance cues such as Semaphorins, Neuropilins and Robos-Slits, as well as a distinct temporal order of events (Imai et al., 2009; Takeuchi et al., 2010) . Odorant-independent, intrinsic OR activities in OSNs affect cAMP signaling levels and regulate the expression of a repulsive ligand-receptor pair, Semaphorin 3A and Neuropilin 1, on olfactory axons in opposite directions, establishing the anterior-posterior topography of OSN axon projection (Imai et al., 2006 (Imai et al., , 2009 . In contrast, the dorsal-ventral positioning of OSN axon projection is determined by temporally regulated dual repulsive interactions of Semaphorin 3F-Neuropilin 2 and Robo2-Slit1 in a neural activity-independent manner (Cho et al., 2007; Nguyen-Ba-Charvet et al., 2008; Takeuchi et al., 2010) . The subsequent coalescence of idiotypic axons into a distinct glomerulus is then mediated by a combination of attractive and repulsive cell surface molecules whose expression depends on odorant-induced, OR-derived neural activity (Kaneko-Goto et al., 2008; Serizawa et al., 2006) . It remains to be examined whether these or similar mechanisms also operate in olfactory axon wiring from the nasal epithelium to the OB in zebrafish.
5.
Functional patterning and development of the OB
Emergence of basic olfactory behaviors and circuitry during development
As many other teleosts, adult zebrafish can detect a wide range of water-soluble molecules including amino acids, bile acids and nucleotides through their olfactory system and discriminate between different stimuli even when their molecular structure is very similar (Braubach et al., 2009; Koide et al., 2009; Miklavc and Valentincic, 2012) . Moreover, adult fish display innate behavioral responses to specific odorants that function as chemosignals. During development, odor responses in the OB have first been detected between 2 and 3 days post fertilization (dpf) (Li et al., 2005; Mack-Bucher et al., 2007) . At 3-4 dpf, i.e., shortly after hatching, zebrafish larvae responded to amino acid odors with increased swimming activity (Lindsay and Vogt, 2004) and showed an aversive response to cysteine (Vitebsky et al., 2005) , indicating that young larvae can already detect amino acid odorants and discriminate between at least some stimuli. However, behavioral responses to chemosignals such as an alarm substance (Waldman, 1982) or pheromones involved in mating behavior (Darrow and Harris, 2004) emerge only later in development.
The number of neurons in the zebrafish OB after hatching is approximately 5% of the adult number and subsequently increases over weeks although the exact time course is un-kown (Mack-Bucher et al., 2007) . Similarly, the number of neurons in the rodent OB increases only slowly between birth and adulthood (Rosselli-Austin and Altman, 1979) . This slow development raises the question how the basic functionality of the olfactory system is established initially, and how this functionality is maintained and refined as neuronal circuits are elaborated and extended.
Anatomical and functional organization of the glomerular array
Glomeruli are arranged in a stereotyped pattern that is conserved between individuals of the same species. In zebrafish, subregions of the OB are innervated by distinct types of OSNs that differ in their morphology, their expression of defined olfactory receptor families, and their signal transduction components (Baier and Korsching, 1994; Braubach et al., 2012; Sato et al., 2005) . For example, ciliated OSNs expressing G as/olf (and probably ORs) project predominantly to medial and dorsal glomeruli, while microvillous OSNs expressing the Trp channel TrpC2 project to the lateral OB. This coarse organization of the glomerular array is present already in early larvae and maintained through adulthood (Braubach et al., 2012; Sato et al., 2005) .
To visualize activity patterns across the array of glomeruli in adult zebrafish, OSN axons were loaded with voltage-or calcium-sensitive dyes and odor-evoked fluorescence changes were measured in the OB Korsching, 1997, 1998) . Different classes of natural odorants (e.g., amino acids, bile acids and nucleotides) preferentially activated glomeruli within circumscribed domains that matched anatomical domains, at least in part. Genetic silencing of OSNs projecting to specific domains abolished spontaneous behavioral responses to specific odor classes (Koide et al., 2009 ). For example, amino acids stimulate lateral glomeruli and evoke an attractive behavioral response that was eliminated by expression of tetanus toxin light chain in OSNs with lateral projections. Responses to phermomonal stimuli were detected in isolated large glomeruli that did not respond to other odors (Friedrich and Korsching, 1998) . These results indicate that subregions of the OB receive information about classes of chemically related odors that share biological significance.
Within a functional domain of the OB, glomerular activity patterns were distributed and individual glomeruli responded to complex sets of odorants. However, some units responded similarly to odorants sharing a molecular feature (e.g., amino acids with positively charged side chains) and were arranged in small clusters (Friedrich and Korsching, 1997) . Hence, glomerular activity patterns exhibit a hierarchical chemotopic organization. This functional map is, however, much more fractured than functional maps in other sensory systems at early processing stages. Further studies using 2-photon calcium imaging showed that the coarse functional domains of the OB are also present at the level of mitral cells, whereas smaller clusters are not preserved during the processing of activity patterns (Tabor et al., 2008; Yaksi et al., 2007) .
To examine the emergence of this fractured chemotopic map during development, odor responses were measured optically using synthetic or genetically encoded calcium indicators in transparent zebrafish larvae (Fig. 3A) . Responses were first detected between 2 and 3 dpf, after projections of OSNs were established but before hatching. During the subsequent three days, the number of responsive neurons and the intensity of responses increased dramatically. However, different classes of odors evoked spatially segregated responses already at 3 dpf or before (Fig. 3B) (Li et al., 2005) , demonstrating that a coarse chemotopic organization is already present when the system becomes responsive to odors. This functional organization may serve as a scaffold for the subsequent addition of interneurons into the circuitry and for the refinement of their connections because it would facilitate the establishment of interneuronal connections between mitral cells receiving similar inputs. Such connectivity could be important for neuronal computations in the adult OB.
Development of glomeruli
In rodents, OSN axons first form a plexus within a diffuse subregion of the OB before they condense into a defined glomerulus (Potter et al., 2001; Takeuchi et al., 2010) . It is, however, difficult to examine the dynamics of this process directly because it occurs before or shortly after birth. We therefore examined the formation of glomeruli in zebrafish larvae using imaging methods. Young larvae already express the majority of ORs but the number of distinct glomerular structures is substantially lower than in adults. At 5 dpf, for example, about 80% of the ORs are expressed (Argo et al., 2003; Barth et al., 1996) while the number of glomerular structures is <20% of those in the adult OB (Li et al., 2005) . Hence, early glomerular structures appear to contain multiple types of OSNs and may not yet fulfill the one glomerulus-one receptor rule.
Confocal imaging revealed that the number of discernible glomerular structures increased between 3 and 6 dpf, whereas their average size slightly decreased. Multiphoton time lapse imaging showed examples of diffuse glomerular precursor structures that gave rise to smaller, more distinct neuropil structures during this time (Li et al., 2005) . These results indicate that glomeruli can differentiate by refinement and separation of precursor structures, which may sort idiotypic OSN axons into discrete glomeruli. More recently, the differentiation of glomeruli was examined in different regions of the OB that are innervated by different classes of OSNs (O. Braubach, N. Miyasaka, T. Koide, Y. Yoshihara, R.P. Croll, A. Fine, unpublished observations) . These more detailed studies revealed that glomeruli innervated by one class of OSNs differentiate gradually whereas other glomeruli are established early and remain stable thereafter. Glomerular differentiation may therefore follow different modes depending on the identity of afferent OSNs.
To examine whether axons or dendrites are pre-sorted already within glomerular precursors that undergo gradual differentiation we began to reconstruct developing glomeruli and the associated neurons at high resolution by serial block face scanning electron microscopy. This method can generate 3-dimensional image data at a resolution of <10 nm in x-y and 630 nm in z throughout large volumes (Denk et al., 2012; Denk and Horstmann, 2004; Helmstaedter et al., 2008) . From an image stack covering the entire OB of a zebrafish larva at 4 dpf, we manually reconstructed the morphology of 20 mitral cells associated with the same glomerular precursor. As observed by light microscopy (Li et al., 2005; Miyasaka et al., 2009) , mitral cells had small but complex dendritic tufts and projected an axon out of the OB (Fig. 4) . Subsets of mitral cells had overlapping dendritic tufts that were clearly segregated from tufts of other mitral cells. These preliminary results suggest that the glomerular neuropil is compartmentalized already at early stages of differentiation, before it segregates into distinct glomeruli.
Functional development of interneurons in the OB
Most neurons in the OB are interneurons and express the inhibitory neurotransmitter GABA. In the adult OB, the ratio of interneurons to mitral cells is >100:1 in mammals (Rosselli-Austin and Altman, 1979) and >10:1 in zebrafish (Wiechert et al., 2010) . GABAergic interneurons are likely to play an important role in neuronal computations in the OB of zebrafish and other species such as pattern decorrelation, oscillatory synchronization and the normalization of firing intensity (Friedrich et et al., 2010). However, most interneurons are integrated into neuronal circuits of the OB only late in development, long after the olfactory system becomes responsive to odors (Rosselli-Austin and Altman, 1979) . Moreover, GABA is often excitatory, rather than an inhibitory, at early developmental stages. It has therefore been unclear whether inhibition already shapes the function of neuronal circuits in the developing OB.
In zebrafish larvae up to 6 dpf, the ratio of interneurons to mitral cells was found to be about an order of magnitude lower than in adults. Moreover, multiphoton calcium imaging revealed that the probability of observing an odor response in a given interneuron was also about an order of magnitude lower. Nevertheless, GABA potently suppressed responses to odors, and the blockade of GABA A receptors dramatically increased odor responses (Mack-Bucher et al., 2007) . Hence, GABAergic interneurons have a strong inhibitory influence on odor-evoked activity patterns already at early developmental stages. It remains to be examined whether the OB of early larvae can already perform all of the computations observed in adults, or whether some of these computations require the subsequent integration of additional interneurons and the formation of more elaborate connectivity.
5.5.
Beyond the OB Recent studies have started to examine projections of mitral cells in zebrafish larvae to higher brain areas and to analyze odor processing in a target area of the adult OB that is homologous to olfactory cortex (Blumhagen et al., 2011; Yaksi et al., 2009) . These studies provide an excellent basis for future analyses of higher olfactory brain areas in zebrafish. Collectively, the results reviewed here emphasize advantages of zebrafish as a model system to combine molecular, genetic, and anatomical studies of development with neurophysiological analyses of neuronal circuit function. Such studies will eventually be important to understand how developmental processes constrain brain function, and how stability of brain function can be achieved in the face of dynamically changing neuronal circuitry.
Outlook
Exciting new perspectives to analyze the functional development of neuronal circuits have recently been opened by the development of advanced methods to measure and manipulate neuronal activity in the intact brain. Optical measurements of neuronal activity have been improved by enhancing the performance of genetically encoded calcium indicators, which facilitates the measurement of neuronal activity in genetically defined sets of neurons. A breakthrough for the manipulation of neuronal activity has been achieved by the development of opsin-based and other probes to depolarize or hyperpolarize neurons using light (Zhang et al., 2011) . The fast kinetics of these probes combined with the possibility to control light stimuli in space and time now allow for the stimulation or inhibition of neurons in the intact brain with unprecedented spatial and temporal resolution. The small size and transparency of zebrafish offers interesting opportunities to apply these approaches in vivo Wyart and Del Bene, 2011) . Indeed, recent studies have successfully used optogenetic approaches to study the function of neuronal circuits in zebrafish (Arrenberg et al., 2009; Blumhagen et al., 2011; Wyart et al., 2009; Zhu et al., 2012) . Such approaches have major potential to study how neuronal circuit function arises during development, and how development is influenced by neuronal activity. The small size of the zebrafish brain is also advantageous for the dense reconstruction of neurons and their synaptic connections by three-dimensional electron microscopy. This approach can unravel wiring diagrams of large ensembles of neurons, which is an essential step towards a mechanistic understanding of neuronal circuit function (Denk et al., 2012) . Zebrafish thus provide an interesting model system to combine promising new methods and to converge developmental, anatomical and functional perspectives on neuronal circuits.
